late material in homogenates of maize coleoptiles. This binding might be due to receptor sites for plant hormones of the auxin class. The present paper reports further on the properties of the auxin-binding sites that occur on maize cellular membranes.
The questions about the physiological significance of these binding sites and regarding their localization within the cells will be treated in separate papers.
MATERIALS AND METHODS Plant Material. Maize (Zea mays L.), WF9 x Bear 38 (Bear Hybrid Corn Co., Decatur, Ill.) seeds were soaked 12 hr in running tap water and allowed to germinate on damp tissue in transparent plastic boxes for 5 days at 25 C, in the dark except for exposure to 2 hr of dim red light/day. Under room light, coleoptiles 2 to 4 cm long were excised above the first node, and the primary leaf was removed from the coleoptiles, which were kept chilled on ice.
Particle Preparation. All operations were carried out at or I Supported by grants from the National Science Foundation to P. M. R. and from the Deutsche Forschungsgemeinschaft to R. H. Much of this work was performed in Freiburg during tenure of a sabbatical leave by P. M. R. about 0 C. Coleoptiles, in a flat polyethylene tray in ice,were chopped thoroughly (about 10 min), in an equal weight of homogenization medium, with stainless steel razor blades, either by hand or driven mechanically. The homogenization medium was 0.25 M sucrose, 1 mM EDTA, 0.1 mm MgCl2, 50 mm tris (pH 8) . This brei was filtered by squeezing through nylon cloth; the residue was ground, using an ice-cold mortar, in the same amount of homogenization medium, and expressed by hand through nylon cloth as before. The combined filtrates were precentrifuged normally for 10 min at 6800g, which removed most of the nuclei (from DNA determination), and the majority of the plastids and mitochondria. The supernatant was centrifuged 20 min at 133,000g. The supernatant from this step constitutes the source of supernatant factor (see below).
For the standard assay procedure based on findings described under "Results," the pellet from the high speed centrifugation was resuspended, by stirring with a glass rod, in a wash medium containing 0.25 M sucrose, 0.5 mM MgCl2, and 10 mm sodium citrate-citric acid (pH 6) using about one-half the volume of the original homogenate. The particles were pelleted by an identical recentrifugation, and were resuspended, using a Potter-Elvehjem type homogenizer, in the assay medium consisting of 0.25 M sucrose, 10 mm sodium citrate-citric acid, and 5 mM MgCl2 (pH 5.5) , usually of such a volume as to contain particles from 0.5 g of tissue, fresh weight/ml of suspension. (When the volume of the assay samples or the concentration of particles was varied from the standard conditions of assay described below, or when substantial volumes of test solutions were to be mixed with the particles during the assay, the final resuspension was in an appropriately smaller volume of assay medium.)
Because divalent cations such as Mg2+ alter the pK of citric acid, it was important to readjust the pH of this assay medium after any additions of divalent cations.
Binding Assay. In the standard assay, 5 x 10-8 M 1-naphthalene-1'-['4C]acetic acid (['4CJNAA, 96 Ci/mol, about 11,000 dpm/ml of assay mixture) was added to membrane particle suspension (about 0.5 mg of particulate protein/ml) in assay medium, prepared as described in the preceding section, and held in ice. Subsamples of 2 ml were dispensed into polypropylene centrifuge tubes (16 x 75 mm) in ice, which contained 10 or 20 ,ul of acetonitrile, either alone or containing unlabeled NAA or other test compounds to give the final concentrations indicated (in some experiments, ethanol rather than acetonitrile was used as vehicle). Samples containing plain acetonitrile or ethanol (sample A) and 10-i M NAA (sample B) were included in every test. The tubes were centrifuged 20 min at 45,000 rpm (about 133,000g) at 0 C. The supernatants were decanted, the tubes were allowed to drain for about 10 min upside down on a paper towel, and 1 ml of methanol was then placed in each tube. After 1 hr, which was sufficient to extract all radioactivity from the pellet, the methanol was transferred to a scintillation vial for determination of radioactivity using a standard scintillant and a Beckman LS-100 or LS-200 scintillation spectrometer, with about 90% counting efficiency. Radioactivity of sample B is termed nonspecific binding, and that of A minus B is termed specific binding.
In some of the experiments, cellulose nitrate centrifuge tubes were used, and after centrifugation, the tip of the tube where the pellet was located was cut off and placed directly in the scintillation vial. In other instances, the volume of the assay differed from the standard value. These variations had no effect on the results when expressed as specific binding by the particles from unit fresh weight of tissue.
[ Experiments with Supernatant Factor (SF). To the supernatant from the first high speed centrifugation in the particle preparation procedure (see above) 10 mm Na citrate and 5 mm MgCl., were added, and the pH was brought to 5.5 by addition of HCI. After standing in ice for about 0.5 hr, the mixture was centrifuged 30 min at 39,000g to sediment material that precipitates upon acidification. the supernatant from this step, without or after further treatments mentioned in the text, was added to particle suspensions prepared as described above, in experiments in which the effect and characteristics of SF were tested. For the controls, particle suspensions were diluted identically with assay medium.
RESULTS AND DISCUSSION
Nature of the Binding Assay. This work is based upon the centrifugation assay for particle-associated ligand-binding sites, widely used for membrane-bound hormone receptors (10 (9) ; in the middle column, characteristics of the improved standard assay involving pelleting and washing the particles, omission of mercaptoethanol, substitution of citrate for MES/MOPS buffer, and preliminary removal of relatively inactive particles by a 7000 x q 10 min centrifugation, as described in detail in Methods. Right hand column shows NAA binding obtained with particles further purified by isopycnic centrifugation (75,000 x q, 3 hr) into a linear 20-45% sucrose gradient containing the same constituents as the standard homogenization medium, then using the particles from the fraction that contained 25% sucrose for assay in the same assay medium as in column 2. Radioactivity in pellets is expressed per ml of assay sample volume. Specific bindinq in p moles refers to the amount of NAA specifically bound at the standard assay concentration of 5 x 108M (binding sites notsaturated). (Fig. 1) .
Specific binding of NAA exhibits a sharp optimum at pH 5.5 (Fig. 2) .
The yield of binding activity is not markedly affected by the kind of buffer used in the homogenization media, by the presence or absence of Mg2+ or other salts or constituents except -SH compounds, or by the technique of homogenization. Simple mortar grinding affords almost as much binding activity as the more elaborate chop/grind procedure normally used.
By density gradient purification of the responsible membranes, which will be described in detail separately, the ratio of specific to nonspecific binding can be further increased substantially (Table I , right column). The maximum NAA-binding activity, in density gradients of several kinds, coincides with the peak in activity of known marker enzymes for membranes of the endoplasmic reticulum, which we therefore consider to bear the majority of the NAA-binding sites.
Reversibility of NAA Binding. 2Time between dilution to the concentration given in the second column, and centrifugation. For samples that were not diluted (same figure in first and second columns), time in column 3 represents that between preparation of assay mixture and its centrifugation.
14 Unlabeled NAA (0.1 mM) was added to this sample 10 min before the addition of C-NAA.
animal hormone receptors (15), but contrasts with others for which dissociation is relatively slow and strongly temperaturedependent (1, 5, 6, 10 (Fig. 4) With the improved binding assay procedure that was used here, the concentration of specific NAA-binding sites, indicated by the point at which the line in a Scatchard plot intersects the abscissa, varied from about 30 to 50 pmol/g of tissue, fresh weight, in a number of different experiments (e.g. Fig. 4B ). This is only slightly greater than the value indicated in the original report (9) .
Various compounds structurally related to NAA, most notably IAA, displace NAA from saturable NAA-binding sites, with features that are as expected if the analogs compete with NAA for the same binding sites (2) . Kinetics of competition by analogs for the NAA-binding sites will be described in detail separately (Ray, Dohrmann, and Hertel, in preparation).
Nature of Binding to the Site. The rapidity and reversibility of the binding reaction, even at 0 C, shown above, suggest that formation of covalent bonds is probably not involved. NAA binding is not affected by concentrations of KCI or NaCl as high as 0.3 M (data not shown), which suggests that the association is not primarily ionic, in contrast with certain animal hormone receptors (6) .
From the lack of effect of monovalent salts, the inhibitory effect of Mg2+ and Ca2+ in the 10 mm range (Fig. 1) appears not to be due simply to ionic strength but represents a more specific interaction with the sites.
No aliphatic compounds that have been tested, whether acidic or neutral, have displaced NAA from its binding sites, nor have any of various purine, pyrimidine, and related heterocyclic compounds exhibited any action on NAA binding (see Table VIII Specific NAA binding is sensitive to detergents, and is completely eliminated by detergent concentrations lower than those that begin to reduce the nonspecific binding (Fig. 6) Treatment with phospholipase reduces binding activity (Table  IV) , as with certain other hormone receptors (17) . In contrast to simple treatment with pronase, following a phospholipase C pretreatment pronase can virtually eliminate specific NAA binding (Table IV) . A similar result has been obtained with acetylcholine receptors (4) . It suggests that the NAA receptor may be protected, by membrane lipids, from proteolytic attack. These (8) .
Inactivation by Reducing Agents. Specific binding of NAA is decreased by dithiothreitol or dithioerythritol (Table III) . This inhibition develops gradually with time, at 0 C (Fig. 7) . NAA binding is also inhibited by dithionite (Table III) . Inhibition by DTE can be at least partially reversed (Table V) Particles from 2 gm fresh weight of tissue were kept 2 hr at 25 C (0 C for the unincubated control, first line of Table) Effect of Supernatant Factor on NAA Binding. Unlike the effect of reductants, inhibition by SF does not increase with time; the full and final effect of even a partially inhibitory concentration of SF is exerted as quickly as the binding assay can After treatment with DTE in pH 6.0 citrate wash medium at 0 C, both the treated and control samples were either (Exp. 1 and 2) pelleted by centrifugation and resuspended in assay medium, to which K3Fe(CN)6 or diamide were added where indicated, or (Exp. 3) diluted after 60 min at 0 C with 10 times their volume of assay medium plus reagents as indicated. The samples were then used for standard binding assay. Nonspecific binding (not shown) was similar for all treatments in a given experiment. cpm 14 C-NAA specifically bound be performed (Fig. 7) , i.e. within I0 min. Also unlike the effect of reductants, Scatchard plots of specific binding indicate that SF diminishes the affinity of binding sites for NAA without reducing their number (Fig. 9) . Treatment of the supernatant with oxidants such as ferricyanide or H,02, does not alter its effect on NAA binding (data not shown). These facts indicate that SF is not an endogenous reducing agent with an effect analogous to that of DTE. Figure 10 shows that although NAA binding is markedly reduced by low concentrations of supernatant, the effect of SF increases only up to a plateau at which a definite proportion of the specific NAA binding remains. This shows that SF is not endogenous native auxin (IAA) present in the supernatant, because IAA can displace NAA completely from the specific binding sites (2, 9) .
The results in Figure 10 indicate either that SF affects only some of the NAA-binding sites or, if SF affects all of the sites, that it is noncompetitive with NAA. If SF affected only some of the sites, then the sites that remained unaffected in its presence would be expected to contribute, to a Scatchard plot, a line having the same downward slope as in the control. The plot would turn up toward the horizontal at points corresponding to higher concentrations of NAA at which the SF-affected sites would begin to become occupied. Instead, Scatchard plots in the presence of SF invariably show, as noted already (Fig. 9B) , an approximately straight line with a much less steep slope than the control. This indicates that SF modifies the affinity of the sites for NAA.
The Scatchard plot of specific binding at a partially inhibitory concentration of SF (Fig. 9A) (Table VII) . This indicates that SF is an amphoteric compound. SF is also adsorbed completely by charcoal.
No biochemical thus far tested, including cyclic AMP and a variety of other nucleotides (see Table VIII ), has mimicked the effect of SF. Casein hydrolysate gave no SF activity, so SF is presumably not one of the common protein amino acids. Apparent SF activity was, however, detected both in yeast extract and in the soluble fraction of homogenates of cauliflower (Brassica oleracea var. botrytis) inflorescences and of zucchini squash (Cucurbita pepo) seedlings prepared as described for maize. With the latter two sources, a much higher concentration (10-20% supernatant in the assay medium) than that of maize Supernatant from the first high-speed centrifugation of the standard particle preparation procedure (see Methods) was tested on 14C-NAA binding at a concentration equivalent to 20% (v/v) supernatant in the binding assay, either without special treatment (first line of Table) or after various treatments. Prior to addition to the binding assay the pH of the sample was adjusted to 5.5. The control value for specific binding (without SF) was 1155 cpm. Tris-hydroxymethyl- 
